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SUMMARY

POWEREDAIRCRAFT

Thisreportbrieflysummarizessomeof theavailableinformation
onfuelsforgas-turbinepoweredaircraft.Theeffectsoffuel
volatilityandcompositionontherange,
aircraftarediscussed.Availabilityis
atvariousvolatilitylevels.

reliability,andsafetyof
brieflyconsideredforfuels

INTRODUCTION

Thedevelopmentof gas-turbineenginesandtheirapplicationto
aircrafthasbeena veryrapidlychangingprocess.Alongwiththe
mechanicaldevelopmentofaircraftgas-turbineengines,ithasbeen

n necessarytoacquirea knowledgeof thefuelrequirementsof the
enginesandtherequirementsandlimitationsoffuelsystemsforhfgh-
speedaircraft.Ithasalsobeennecessaryto continuallyrevisethee estimatedquantitiesof Jetfuelrequiredforanairforcewitha
constantlychangingratioofgas-turbinetoreciprocatingengines.

As therequirementsofthejetfuelhavebecomemoreapparent,
thespecificationshavebeenchangedfromAN-F-32(/lP-l),toAN-F-34
(JP-2),toAN-F-58(JP-3),toAN-F-58a,andtoMIL-F-5624.Asnew
knowledgeofaircraftrequirementsbecomesavailable,itwillprobably
be necessaryto continuetorevisethejet-fuelspecification.The
establishmentofa specificationrequiresconsiderationof theeffects
offuelcompositionandvolatilityonengineperformanceandonthe
fuelsystemoftheairplane.Itisalsonecessaryto considerthe
quantityoffuelrequiredandothervariablessuchas thehazards
entailedintransportingandhandlingthefuel.

Someof thefactorsthatmustbe consideredintheselectionofa
fuelforgas-turbineaircraftarebrieflydiscussedandtheareaswhere
additionalinformationisrequiredareindicatedherein.Thetopicsto
be cotiideredaregiveninfigure1. Inasmuchas someofthesetopics
havebeentreatedinnumerouspapers,thesubjectsarediscussedvery.. brieflyanda fewrepresentativedataarepresentedto illustratethe
prol)lemsunderdiscussion.
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A reportof thistypeisnecessarilyofa transient
newinformationonthemutualcomparabilityoffuelsand
beingmadeavailableveryrapidlybymanyinvestigators.
summarizessomeofthedataavailableinJuly,1950.,

FUELAVAILABILITY
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naturebe;ause
aircraftis d
Thisreport l-lml*+

Theselectionofa fuelforgas-turbinepoweredenginesmustbe
basedontherequirementsoftheengine,theaircraftfuelsystem,and

—

thelogisticsofpossiblefutureoperations.Afterthedesiredprop-
ertiesofa fuelaredeterminedonthebasisofthesecriteria,an
estimatemustbemadeas tothequantityoffuelrequiredforanair
forceintimeof.emergency.Afterthedesiredpropertiesofthefuel
andthequantityrequiredareknown,thenextstepistostudythe
variousproductsderivedfromcrudeoilby presentrefinerymethods
andtodeterminewhetherenoughfuelofthedesiredpropertiescanbe
obtained.Inthisapproachtotheproblem,itisnecessaryto consider
alltheessentialrequirementsforgasoline,kerosene,fueloils,and
dieseloils.Examplesof suchusesincludefuelforautomotiveequip-

—

ment,trucks,tanks,ships,diesellocomotives,industrialfuels,and
essentialcivilianuses.

Theestimationofthefuelrequirementsforallessentialusesis ___ “
obviouslynotwithinthescopeofthepresentdiscussion,butpre-
sumablytherequirementsarebeingestablishedby theappropriate
agencies.Forpurposesof illustration,a .hypothetlcalrequirementof .
1,000,000barrelsperdayof jetfuelischosen.Thisquantityof
fuelwouldoperate13,480,5000-pound-thrustturbojetengines4 hours
perday,assuminga specificfuelconsumptionof1 poundoffuelper .
poundofthrustperhour.The600,000barrelsperdayofaviation

—

gasolineusedattheendofWorldWar11allowedtheoperationof
37,500,2000-horsepowerreciprocatingengines4 hoursa day,assuming
a specificfuelconsumptionof0.5poundper”horsepower-hour.

Aftera requirementof1,000,000barrelspertiyisestablished,
thequantitiesandtypesofproductderivedfrompetroleumarecon-
sideredinorder-todeterminewhethertherecanbe somechoiceofthe
typeoffuelselected.Figure2 showstherelativequantitiesof
materialsobtainedfroma barrelofcrudeoil: 45 percentiscon-

—

vertedby distillationandcrackingmethodsintogasoline;5 percent
intokerosene;18percentintodistillatefuelsincludingfueloils
anddieseloil;19percentintoresidualfuels
ships,etc.;3 percentintolubricants;and10
losses,andspecialproducts.

forindustrial.boilers,
percentintogases,

.

*
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Iftherefineryprocessingcapacityis6,700,000barrelsof crude
w oilperday(referencel),thepostulatedrequirementof1,000,000bar-
* relswouldbe 15percentofthetotalproduction.Figure2 showsthat
2 this15percentcouldberemovedentirelyfromthegasolinefraction

andleave30percentofthecrudeoilas gasolineforallotheruses,
includingthatneededformilitaryaircraftpoweredby reciprocating
engines.Anotherpossibilitywouldbetotake2 percentof thetotal
crudeoilfromthegasolinebarrel,5 percentfromkerosene,and
8 percentfromthedistillatefuelstoyield15percentof thecrude
oil. A thirdpossibilitywouldbetousegasolinefractionsboiling
above200°F to theextentof12percentof thetotalcrudeoilandadd
a totalof3 percentfromthekeroseneanddistillatefuelstogivea
totalof15percentforjetfuel.Actuallytherequirementsofan air-
craftfuelsuchaslowfreezingpoint,satisfactoryperformancein
engines,andmanyotherconsiderationstendtorestrictthenumberof
possiblecombinationsthatcanbe chosen.Someof theseconsiderations
willbe discussedinthesubsequentsections.

A fourthpossiblecombinationof componentswouldgiveJP-3
(Mi-F-58)typefuel,nowspecifiedMIL-F-5624,whichwaschosenorig-
inallyon thebasisofthemaximumquantityoffuelthatwouldmeeta
freezingpointof -76°F anda corrosionlimit.As indicatedinfig-
ure2, sucha fuelincludesallthegasoline,allthekerosene,and

“ someofthedistillatefuels,givinga totalof50 to55percentofthe
crudeoilthatcouldbe convertedintoa jetfuel. If1,000;000bar-
relsperdaywererequired,then12percentof thecrudeoilcouldbe

. withheldfromgasoline,1.5percentfromkeroseneand1.5percentfrom
distillatefuelstomakethetotalof15percentrequiredforgas-
turbineaircraft.

Inadditiontotheotherrestrictionsontheselectionofpossible
componentsforanaircraftturbinefuel,refineryfacilitiesmustalso
be considered.Inardertoprovidemaximumquantitiesofa fuelcon-
tainingthehigherboilingcomponentsfromgasoline,itwouldbenec-
essaryto installadditionaldistillationequipmentinthepresent
refineries,whereasJP-3fuelcouldbe producedinmaxinnzmquantities
withtheexistingrefineryequipment.

Fortheprecedingdiscussion,itmustbe emphasizedthatthe
assu@ion of1,000,000barrelsperdayrequiredforturbojetfuelis
purelya hypotheticalcaseandis selectedonlyforpurposesof
illustration.

In swmnary”oftheavailabilityprohlem,itseemsthattheremight
be somechoiceas tothephysicalpropertiesofan aircraftturbine

% fuel.Thepossiblechoiceswillbe Iimi.tedbythequantityoffuel
requiredandby theaircraftrequirements.
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HeatEnergyoftheFuel ~

Manyhigh-speedaircrafthavelimitedstoragespaceforfuel. If s
a fuelcouldbe madeavailablethatwoulddeliverthemaximumheat
energypergallon,itwouldextendtheflightrangeof so-calledltvolume-
limitedt’aircraft.Unfortunately,thosefuelsthatburntogivea high
heatreleasepergallonalsohavea highspecificgravity,sothata
tankof sucha fuelweighsmorethanaviationgasolineandgivesa
highertake-offweightanda higherdraginflightthangasoline.‘The

—

trendstobe observedwithhydrocarbonfuelsareshowninfigure3.
Heatsof combustionintermsofBtuperpoundandBtupergallonare
plottedasfunctionsofspecificgravity.Thespecificgravityof
petroleumderivativesisa functionofvolatility.Thespecificgravity
increasessothatthehighboilingfuelstendtogivehigherBtuper
gallonandlowerBtuperpoundthangasoline-typefuels.Althoughmixed
fuelsgivesomescatteraroundthelines,thetrendsclearlyindicate
thata fuelwitha higkBtupergallonhasa lowBtuperpoundandvice
versa,sothatfuels’derivedfrompetroleumwillnotgivehighheat
releasesperunitvolumeunlesssomesacrificesaremadeonBtuper
pound.An aviationgasoline,anAN-F-58fuel(JP-3),a l-poundR.V.P.
fuel,andanAN-F-32fuel(JP-1)areshown.Thephysicalproperties
ofthreeofthefuelsaregivenintable1,anddistillationcurves
areshowninfigure4.

.

.

VaporandSurgingLosses

Anotherfactorintheconsiderationoftheflightrangeofair-
craftisthepossibilityof thelossoffuelbyboilingastheair-
craftclimbstohighaltitudes.Fuelinanaircrafttankwillstart
toboilwhentheairplaneclimbstoanaltitudewherethefuelvapor
pressureexceedstheambientpressure,andtheboilingwillcontinue
untilthefuelvaporpressureisslightlylessthantheambientpres-
sure.Thequantityoffuelvaporlostbyboilingisa functionofthe
initialtemperature,vaporpressure,andcompositionofthefuel..
Rapidratesofclinibcreatelargedifferencesbetweentankandambient
pressureandthefuelboilsviolently.Insuchcasesthevaporbubbles
mayentrainliquidfuelandcausebothvaporandliquidtobe lostfrom
thetankvent.Theselossesarecalledsluggingor surginglosses.

Vaporlosse’sarenota newproblemandhavebeenencounteredwith
aviationgasolineinreciprocating-engineaircraft.Bothvaporand . ‘.
surginglosseshavebeenreperkedinfuelsystemsforexperimental
turbojetairoraftanditisanticipatedthatthecombinedlossesmay ,.
be severeathighratesofclimbunlessrem@ialmeasuresareapplied.

b
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VaporlossesfromanAN-F-58typefuelwitha Reidvaporpressure
. of 7.35poundspersquareinchareshowninfigure5. Thevaporpres-

sureof thefuelisslightlyabovethe7-poundReidvaporpressure
allowedby thespecification.Thedatawereobtainedaspartofan
extensivelaboratoryinvestigationon a mock-upfuelsystem,sponsored

P by theCooperativeResearchCouncil.Theyshowtheorderofmagnitude
~ tobe expectedfromvaporlosseswithno slugginglossesencountered.

Thefueltemperaturehasa markedeffectonvaporloss.At an initial
fueltemperatureof 60°F, therewasno vaporlossup toa simulated
altitudeof3.5,000feetandslightlylessthan5-percentlossat
45,000feet.At an initialfuelt&nperatureof1~0°l!’,boilingstarted
atabout17,000feetandata simulatedaltitudeof45,000feetabout
13percentoftheinitialfuelchargehadbeenlost.A fuel temperature
of110°F seemstobe ratherhigh,buttemperaturesashighas120°F
havebeenmeasuredinthefueltanksofaircraftparkedinthesun
duringsummerdaysintheUmitedStates.Thechoice ofa IlooF initial
temperaturethereforerepresentsa severe.case,butnotan impossible
one.

Theeffectof theinitialvaporpressureofa fuelonvaporloss
isshowninfigure6. Witha fueltemperatureof 100°F at thebegin-
ningof thesimulatedclimb,the7.1-poundReidvaporpressurefuel
gavelossescomparabletothoseshowninfigure5. Thelossesfroma
3.2-poundfuelwerelessthanwiththe7.1-poundfuelbutwere5 per-.
centat40,000feet.Thefuelwitha Reidvaporpressureof1.1pound
gaveno lossup toa simulatedaltitudeof50,000feet.Thevapor

. lossesforthesamefuelsatan initialtemperatureof 70°F areshown
infigure7. Aspreviouslyindicated,thelossesaregreatlyreduced
at thelowerfueltemperature.The7.1-poundfuelgaveonlya
2.5-percentlossat 38,000feet;the3.2-poundfuelgavea 2.5-percent
lossat45,000feet;andthel.1-poundfuelgavea 2.5-percentlossat .
75,000feet. Itwouldseemthatformostpracticalcasesthevapor
lossesfroma l.1-poundfuelshouldnotbe of seriousconcern.

Theeffectoffuelcompositiononvaporlossisshowninfigure8.
Thevaporlossesarecomparedforthreefuelswithpracticallythesame
vaporpressure.TheJP-3fuelswerepreparedfromthesamebasestock
by pressurizinginonecasewith3-percentbutaneandintheothercase
with13.5-percentpentane.Thevaporlossfromthefuelpressurized,
withbutanewasappreciablylowerthanthelossfromthefuelpres-
surizedwithpentane.Bothof theJP-3fuelsgavelowerlossesthan
theaviationgasoline.Thus,itisshownthatfuelsofMfferent
compositionbutwithpracticallythesamevaporpressuregivedif-
ferentvaporlosses.

.
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At highratesofclimbsuchas10,000feetperminute,boiling
becomessoviolentthatsurgingoccursandthetotalfuellossesare l-l
usuallyquitelarge.Thelossesaredependenton thesimulatedrateof ml”
climb(whichdeterminestherateofboiling),theinitialfueltempera- S
ture,thedepthoffuelinthetank,thevent-linediameter,andother
variables.At fueltemperaturesrangingfrom85°to110°F, totalfuel
losseshavebeenreportedas20to!50percentof theinitialfuel
charge.Suchlosseswerefroma tankwitha 2-inch-diametervent.
Smallventsof1/2-to l/4-inchdiameterwilleliminatesurginglosses.
Whenboilingoccurs,”apressureisquicklybuiltupwithinthetank,
becausevaporscan?iotescapethroughthesmallventattheratethey
areevolved.Theseresultswithsmallventsindicatethatpartial
tankpressurizationwilleliminatesurginglosses.

Thereareatleastthreemethodsofminimizingfuellosses.One
methodistousefuelsofl-poundReidvaporpressureorlower.The
effectsof sucha fuelonengineperformanceandotherconsiderations
willbe discussedinsubsequentsections.A secondmethodistopres-
surizefueltankssothatthereisnoboiling,anda thirdmethodis
to coolthefuels.

Fuel-tankpressurization;- It@s beenestimatedthatpres-
surizationto9 poundspersquareinchabsolutewouldpreventvapor
lossesfromfuelsof7-poundReidvaporpressureup toa temperature
of110°F. At analtitudeof50,000feetthepressureinsidethefuel

*

tankwouldbe about7.5poundspersquareinchabsolutegreaterthan
ambientpressure.Somedesi~rs thinkthattheuseofreinforcing

..-

bandswouldpermitfueltankstowithstandsuchpressureswithoutsig-
e

nificantweightincreases.Otherdesignersthinkthatreinforcing
bandsandsimilardeviceswouldbeimpracticalforirregularlyshaped
tanksandpressurizationwouldinvolvea weightpenaltyforaircraft.

A veryseriousproblemisthatofdesigninga self-sealingtank
thatwillwithstanda differentialpressureof7.5poundspersquare
inch.Presentthoughtindicatesthepossibilitiesofbuildingself-
sealingtanksthatwillwithstanddifferentialpressuresof2 pounds
persquareinch,butself-sealingagainsta 7.5-pounddifferential
seemstobe almostimpossible.

‘Severalpartialsolutionstothepressurizationproblemhavebeen
suggested.Onepossiblecourseofactionwouldbe tousea pressure
reliefvalvetoprovidea lowerpressuredifferentialthanthat
requiredby a completelyclosedtankandtherebypreventpartofthe
vaporlosses.Anotherpartialsolutionwouldbetopressurizefuel
tankstoallowno lossuntilanaircraftentersa combatareaand
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thende-pressurizethetanks.Formanytypes
h wouldprovideanappreciablesavinginfuel.

7

ofmission,sucha system
Whenboilingoccursat

thetimeofde-pressurization,thefuelloadwouldbe smallerthanthe
K originalload,andthereforethetotalfuellossduetoboilingwould
P be less. Onlongflightsathighaltitudes,thefuelmightbe cooled

sufficientlytoeliminateboilingby thetimede-pressurizationwas
necessary.Thetimerequiredto coolthefuelinflightwoulddepend
uponfueltankconstructionandlocation.lhtegraltankswithno
self-sealingmaterialtoactas insulationwillallowthefuelto cool
ratherquickly(reference2),whereasfuelcoolsveryslowlyintanks
blanketedwithself-sealingmaterial.

Theeffectofpressurizingto2 poundspersquareinchisshown
infigures9 and10foran initialfuelteqeratureof 110°F anda
simulatedrateof clitiof3000feetperminute.Figure9 showsthat
thevaporlossesforanAN-F-58typefuelwitha Reidvaporpressure
of 7 poundsaregreatlyreducedby pressurizingto2 poundspersquare
inch.Themaximumlossisabout7.5percentby weightoftheinitial
fuelchargeata simulatedaltitudeof 60,000feet.Figure10 shows
thatthevaporlossforanAN-F-58typefuelwitha Reidvaporpressure
of5 poundsis5 percentat 60,000feet. Itappearsthat,ifother
requirementsdictatea high-vapor-pressurefuel,tankpressurization

. of2 poundspersquareinchwouldbringfuellosseswithinreasonable
. limits.Thisarrangementwouldbeparticularlyattractiveifthe

maximumvaporpressurewerespecifiedasa Refdvaporpressureof
5 poundspersquareinch.

.
Insummarizingthepossibilitiesoftankpressurization,itseems

thataircraftforsomeapplicationscouldbebuiltwithtankreinforcing
bandstowithstandtankpressureandwithsuitabletankconstruction
andlocationtoprovidefuelcoolinginflight,particularlyifself-
sealingtanksarenotprovided.Theonlypenaltyto theaircraft
wouldbe suitablevalvestoprovidetankpressurizationwhenthefuel
iswarmandtoprovideambientpressurewhenthefueliscold.
Whethersucha systemisfeasibleprobablydependsu~n theapplication
oftheairplaneandthelocationandconfigurationof thefueltanks.
It seemspossiblethatan interceptorairplanemightbe requiredto
entercombatbeforethefuelhadcooledsufficientlytopreventlosses.

Tankpressurizationof2 poundspersquareinchcouldprobably
be accomplishedwithpresentfuel-tazikconstructionandapparently
wouldeliminatesurginglossesandreducevaporlosses.

Fuelcoolingon theground.- Anothermethodofreducingfuel
lossesistocoolthefuelbeforetheaircraft. leavestheground.
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Potentialsavingsinfuelareindicatedinfigure5. A fuelwitha
7.35-poundReidvaporpressure

6
at85°F, gaveonlya 6-percentvapor

lossat40,000feetand,at60 l?,about2-percentvaporlossduringa
simulatedclimbof3000feetperminute.Unfortunatelyfuelcooling
seemstorequireconsiderableequipmentandpersonnel.Interceptor
aircraftthatarefueledandreadyforimmediateoperationwould
requirea portablerefrigerationunitthatwouldcirculatethefuel
throughcoolingcoilsuntiltheaircraftwasrequiredforaction.
Possibly,long-rangeaircraftcouldbe fueledimmediatelybeforetake-
offfromundergroundstorageandminimizetherequirementsforrefrig-
eration.Coolingthefiel,however,seemstobe a solutionthatwould
be seriouslyconsideredonlyasa lastresort.

Considerationofthevaporlossandsurgj.nglossproblemindicates
thattheuseofa low-vapor-pressurefuelforgasturbineengineswould
possiblybemoresatisfactorythanpressurizationor cooling.The
effectsoflow-volatilityfuelonengineperformancewillbe discussed
ina subsequentsection.

AerodynamicEeating

It iswellknownthatsupersonicaircraftaresub~ecttoaero-
dynamicheatingandthisfact~st be consideredintheselectionofa
fuelforsuchaircraft.Apparentlyfuelsarenotheatedundulyin
presentaircraft,butaerodynamicheatingoffuels~robablymustbe
consideredinthefuture.Skintemperatureshavebeenmeasuredon
supersonicbodiesandhavereachedrelativelyhighvaluesinshort
periodsoftime.Datawereobtainedduringtheflightofa V-?rocket
by installinga thermocouple1.5feetfromthenoseofthemissileand
telemeteringthetemperaturestoa recorder(reference3). Thedata
infigure11 showthata skintemperatureofabout350°F wasreached
duringa flighttimeof100seconds.Theboundarylayerreacheda
temperatureof1800°F duringthepoweredpartoftheflight.

Theseresultsconfirmedmethodsof calculatingskintemperatures
derivedinreference3, andskintemperatureswerecalculatedfor
otherconfigurationsandflightplans.Resultsofonecalculationare
showninfigure12fora supersonicairplane.Thepostulatedflight
planshowsa climbfrom40,000to80,000feetandlevelfli~t at
thataltitudefortwominutes.ThemaximumMachnuniberinthiscase
was2.5andthemaximumskintemperaturewas.400°F.

Calculatedskintemperaturesforsuj?ersonicmissilesareshownin
figure13. At analtitudeof80,000feettheskintemperatureofthe
missileconfigurationassumedinfigure13wouldbe 14000F attera .
flighttimeof100secondsata Machnumberof5.
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Fueltemperaturesinsupersonicaircrafthavenotbeenmeasuredor
. calculatedbecausethefuel-tanklocationandconfigurationwouldhave

a verymarkedinfluenceonthefueltemperature.Measurementsoffuel
l-l temperaturesinsupersonicaircraftwouldbeveryhelpfulindeter-Cud miningthemagnitudeof theproblemtobe anticipatedfromaerodynamicl-l heating.Thepresentstateofknowledgewouldindicatethatforsus-

tainedsupersonicflightaerodynamicheatingshouldbeconsidered.An
appreciableincreaseinfueltemperaturesoverthosenowencountered
onhotdaysonthegroundwouldcauseexcessivefuelvaporpressures
as showninfigure14. A 7-poundReidvaporpressurefuelwillhavea
pressureof17poundspersquareinchata temperatureof150°F, and
105poundspersquareinchat 300°F. A l-poundReidvaporpressure
fuelwillhavea vaporpressureofabout3 poundspersquareinchat
150°F, and22poundspersquareinchat300°F. A O.1poundReid
vaporpressurefuelwillhavea vaporpressureof6 poundspersquare
inchat300°F.

Considerationofaerodynamicheatingeffectsonfuelrequirements
indicatestheneedforheat-transferdataapplicabletofueltanksfor
supersonicaircraftandthepossibilityofrequiringlow-volatility
fuelforsustainedflightat supersonicspeeds.

CombustionEfficiency

Theconibustionefficiencythatcanbeattainedwithfuelsof
varyingvolatilityandcompositionis,of course,ofprimaryimportance
intheselectionof a fuelforgas-turbineaircraftengines.Con-
siderableinformationon thesubjecthasbeenobtainedfrominvesti-
gationsbothinsinglecombustorsandinfull-scaleengines(refer-
ences4 through15). Inthisdiscussionno attemptwillbemadeto
treatthedataextensively,butsometrendswillbe indicated.

In singlecombustorsithasbeenpossibleto investigatethe
effectsoffuelvolatilityoncombustionefficiencyovera widerange
offuelflowsandcouibustorinlet-airtemperatures,pressures,and
velocities.At operatingconditionscorrespondingtolowengine
speedsathighaltitudes,volatilefuelssuchas gasolinetendtogive
highercombustionefficienciesthanhighboilingfuelssuchas diesel
oil. At conditionsthatcorrespondtohighenginespeedsathigh
altitudes,however,thedifferencesincombustionefficiencytendto
tisappear.

Thistrendisshowninfigure15wherecombustionefficiencyis
plottedagainstvolumetricaverageboilingtemperaturesforfivefuels.

.



io NACARME50118
.

Thedatawereobtainedfroma tubularcombtistorat conditionscorre-
spondingtoanaltitudeof40,000feetat 60-and90-percentnormal
ratedenginespeed(reference4). At theconditioncorrespondingto
90-percentrate’denginespeed,thefuels,ranginginvolatilityfrom
gasolineto dieseloil,gaveessentiallythesamecombustioneffi-
ciency.At theconditioncor&espondingto 6Q-percentratedengine
speed,thegasolinegavea substantiallyhighercombustionefficiency
thanthedieseloil.

ThecombustionefficienciesofthreeJP-3typefuelsanda JP-1
fuelareshowninfigure16. Ccxibustionefficienciesweredetermined
forthefourfuelsasa functionof simulatedenginespeedforseveral
altitudesandthedatawerecross-plottedas showninfigure16fortwo
enginespeeds.Thedataweretakenfromreference5. TheJT-1fuel
hada volumetricaverageboilingpointof378°F and15-percentaro-
matics.TheJP-3fueldesignatedas“A”hada volumetricaverage
boilingpointof312°F and19-percentaromatics.TheotherJP-3
typeshadhigQerboilingtemperaturesandthe“C’’”fuelhad29-percent
aromatics.In thiscomparisonatbothenginespeedsthecombustion —

efficiencieswerepracticallyidenticalforallthefuelsup toan
altitudeof50,000feet.At 60,000feetand90-percentnormalrated
speed,theJ&l fuelgavea highercombustionefficiencythantheother -
fuels.Thistrendisassociatedwiththeestablishmentof thealtitude
operationallimitandwillbe discussedlater. .

Thesingle-combustordataindicatethatat simulatedhighengine
speeds,evenathighaltitudes,fuelvolatilityhasa minoreffecton .
combustionefficiencyintubularcombustors.

Ithasnotbeenfeasibletotesta widevarietyoffuelsonfull-
scaleengines,buttheresultsobtainedinan evaluationofJP-3fuels
confirmsingle-couibustordata.FuelsconformingtoAN-F-58specifica-
tionswerecomparedinthreefull-scaleengineswithAN-F-32fuel.All
theenginesweredesignedtooperateonAN-F-32.Theresultsindi-
catedno significantdifferencesincombustionefficiencywhenthe
differentfuelswereusedat simulatedaltitudesup to35,000feet
(references6,7,and8). TypicalresultsfortheJ33engine(ref-
erence6)areshowninfigure17. At analtitudeof30,000feetand
a Machnumberof0.60,thespecific-fuel-consumptiondataforAN-Y-58
andAN-F-32fuelsfallona singlecurve. .-

—

Inoneenginedesignedforgasolinethecombustionefficienciesof
AN-F-58andgasolinewerecomparedupto simulatedaltitudesof
50,000feet(reference9). A plotof combustionefficiencyagainst

—

correctedenginespeedisshowninfigure18forthetwofuels.St is ._

..,.

--

.
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shownthatata simulatedaltitudepf5000feetanda Machnumberof
. zerothecouibustionefficienciesforthetwofuelsfallona single .

line.A similarplotata simulatedaltitudeof50,000feetanda
F -Machnuniberof0.85is showninfigure19. At thisconditionga~oline
+ gaveabout20percenthighercombustionefficiencythanAN-F-58at the
2 highenginespeed.ApparentlyathighaltitudestheAN-F-58fuelis

lesssatisfactorythangasolineinthisenginedesignedforgasoline.
Thetrendof combustionefficiencywithaltitudeisshowninfigure20.
Thefigureshowsdataforratedenginespeedata Machnumberof0.85.
At analtitudeof20,000feettheefficienciesarewithin3 or4 per-
centofthesamevalue.As thealtitudeisincreased,theAN-F-58
valuesdivergerathersharplyfromthegasolinecombustion”efficien-
ties.Thesedataindicatethatthecombustorforthisenginewas
designedtousegasolineandperformsbetteron thatfuelthanon
thehigherboilingAN-F-58.

ResultsfromtheNACALewislaboratoryobtainedona l/4-segment
ofanannularconibustor(reference10)showhighcombustionefficien-
ciesforbothAN-F-58andAN-F-32fuels.A plotof combustioneffi-
ciencyagainstaltitudeisshowninfigure21forthetwofuels.The
dataareshownfora simulated90-percentratedenginespeedtomake
themcomparabletofigure16wheredataareshownfora tubularcom-
buster.Thecombustion-efficiencydataforthetwofuelsfallonthe
samelineup toanaltitudeofabout47,500feet. Abovethataltitude
theAN-F-32gavean efficiencyslightlyhigherthanthatobtainedwith
theAN-F-58,whichindicatesthatan annularcoribustorcanbe designed
tooperateefficientlyona non-volatilefuelifsucha fuelis
requiredby otherconsiderations.

As previouslyindicated,theresultsobtainedwithdifferent
fuelsdependonthedesignof thecombustor.Inordertounderstand
clearlytheeffectsoffuelsandfuelin~ectionon combustionina
turbojetengine,it isnecessaryto considertheflowcharacteristics
withinthecombustor.Satisfactoryburningcanbe achievedifa region
isprovidedwherecombustiblemixturesareobtainedandwheregas
velocitiesarelow. Researchhasshown(reference16)thatthesecon-
ditionsexistifairnecessaryforcompletecombustionofthefuelis
introducedoveraboutone-halXthecombustorlength.Withpresent
methodsofliquidinjectionthefuelisintroducedatoneplaceinthe
combustor.Itmustvaporizeandmixgraduallywiththeairifcom-
bustiblemixturesaretobe providedoverthecombustorlength
requiredfortheentryofair.

Ifallthefuelvaporizesquicklyandmixesrapidlywiththe
airintheupstreamendof thecouibustor,zonesof gaswillbe created
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thataretoorichto supportcombustion.As thesegasesareswept
downstream,moreairwillmixwiththegasesanda combustiblemixture
willbe provided.Afterthisoccurs,however,theremaybe insuffi.-

.

cienttimeforcompleteconibustionbeforethereactionisquenchedby z
coolingair,andthemixtureissweptoutofthecombustionchamber. x

Ontheotherhand,ifthefuelvaporizestooslowly,partofthe
gasesintheupstreamendofthecombustorwillbe tooleantoburn.
Inthiscasethefuelwillvaporizefurtheras itpassesdownstream
anda combustiblemixturemaybe formed,butagaintheremaybe insuf-
ficienttimeforcompletecombustionbeforethemixtureissweptout
of thecombustionchamber.

--

Thus,itispossibleto encountercombustiondifficultiesiffuels
arevaporizedeithertooslowlyortoorapidly.Itisalsoapparent
thatthelowerthevelocitiesinthecombustionchamberthebetterthe
chancesareforthefuelandairtoforma suitablemixtureandtoburn
completelybeforebeingsweptoutofthecombustor.Unfortunatelylow
velocitiesrequirea largecross-sectionalcombustorareathatmaynot
alwaysbe compatiblewithminimumenginesize.

..-

Fuelinjection.- Inthecasewherethefuelvaporizestooslowly,
theuseofa fuelnozzlethat wouldprovidebetteratomizationwould
tendtoraisecombustionefficiency.Thishasbeenshowntobe the
case,as illustratedinthefollowingfigures.

.
Onetypeoffuel

nozzle(reference17)thathasbeenstudiedat theLewislaboratory
(fig.22)isa simpleswirl-typenozzletowhichhasbeenaddeda
divergentsection.Apparentlyatlowflowsthefueltendstofollow

-

thecontourofthissectionandthenfanoutintoa 180°angle.
Photographsoffuelspraysfromthisnozzlearecomparedinfigure23
withphotographsof spraysfromtheoriginalnozzle.At a fuelflow
of20”poundsperhouranda pressureof2 poundspersquareinch,the

—

originalnozzlegavea bulb-typespray,whereasthemodifiednozzle
gavea wide-anglespray.As fuelflowwasincreased,thedifferences
insprayconfigurationwerenotsomarked.

Thecombustionefficienciesobtainedwiththetwonozzlesare
presentedinfigure24asa functionoffuelflowinpoundsperhour.
At a simulatedaltitudeof45,000feetandratedenginespeedina
tubularcombustor,theoriginalnozzlegavea combustionefficiency
of50percentatlowfuelflow.As theflowwasincreased,thecom-
bustionefficiencyinoreasedtoabout90percent.Theflarednozzle
atlowfuelflowgavea combustionefficiencyofabout100percentwith
a sliahtdroDinefficiencyasfuelflowwasincreased.Itmaybe
conclkedtlit$
canbe improved

forthisp~rticularcombustor,combustionefficiency
atlowfuelflowsby improvedfuel-sprayconfiguration.

— —

.
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Theeffects
determinedinan.

offuelatomizationonperformancehavealsobeen
annularcombustorby operatingwithnozzlesofdif-.

G ferentcapacities(reference14). Typicalresultsareshowninfig-
3 ure25. Temperaturerisethroughtheconibustorisplottedagainst

fuelflowata veryhighaltitude.Theinletairtothecombustorwas
heldconstantata pressureof 9.2poundspersquareinch,a tempera-
tureof 240°F, anda velocityof 200feetpersecond.Gasolinewas
introducedintothecombustorthrough10.5-gallon-per-hournozzlesand
3.O-gallon-per-hournozzles.Fora givenfuelflowthe3.0-gallon-
per-hournozzlegavea morefinelyatomizedspraythanthe10.5-gallon-
per-hournozzleinasmuchas thepressuredropacrossthenozzlewas
greater.Thedataobtainedwtththe10.5-gallon-per-hournozzlesshow
increasing”temperatureriseas thefuelflowisincreased.The
3.O-gallon-per-hournozzles,however,gaveincreasingtemperaturerise
atlowflows,butgavepracticallyno increaseintemperatureriseat
thehigherflowsandblewoutata fuelflowinexcessof400pounds
perhour.Thisfigureillustrates’aconditionwherethefuelvaporizes
toorapidlyandcreateszonesthataretoorichto supportcombustion
nearthefuelnozzle,andeventuallytheflameblowsout. Itis
importanttokeepinmindthefactthatthecombustorwasdesignedto
operatewithgasolineand10.5-gallon-per-hournozzles;increasedfuel
vaporizationachievedwiththe3.O-gallon-per-hournozzlewasharmful
inthiscase.

Theperformanceof dieselfuelhasbeenexaminedinthesamecom-
bustorwithresultsshowninfigure26. Thedataobtainedwith

. 3.O-gallon-per-hournozzlesshowa markedlyhighertemperatureriseat
lowerfuelflowsthanthatobtainedwith10.5-gallOn-per-hC?Urnozzles,
butathighfuelflowratestheuseof the10.5-gallon-per-hour
nozzlesgavea highertemperaturerisethanwiththe3.0-gallon-per-
hournozzles.Thesecurvesindicatethatevenwitha highboilingfuel
suchasdieselfuelitispossibleat severeoperatingconditionsto
atomizethefueltoowellandreacha conditionwhereadditionalfuel
givesno additionalheatreleaseintheconibustor.

At an inlet-airtemperaturelowerthanthatillustratedinfig-
ures25and26a comparison(fig.27)of theperformanceof gasoline
anddieseloilindicatesthata temperature-riselimitisreachedwith
gasolinebutnotwithdieseloil(reference14). Thiscomparisonwas
madeusinga 10.5-gallon-per-hournozzleinthecombustor.Ifthe
temperaturerequiredtooperatetheengineata constantspeedis
greaterthanthatattainablewiththegasoline,thenthealtitude
operationallimithasbeenexceededforthegasoline;buttherequired
temperaturerisecouldbeattainedwithdieseloil althoughthecom-
bustionefficiencywouldbe low.

-!

.
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Theoccurrenceofa temperature-riselimltas
establishesaltitudeoperationallimits,whichare
followingsection.

mm RELIABILITY

NACARME50118

shownforgasoline
discussedinthe

.

.

Thefuelusedinaircraftpoweredwithturbojetenginesmayhave
an influenceonthereliabilityoftheengineandfuelsystemandmay -—

alsohavea markedinfluenceon themaintenancerequired.Thedis-
cussionofthevariousfactorstobe consideredwillfollowtheoutline
infigure1.

AltitudeOperationalLimits

At highaltitudeconditionsitispossibletoreachanaltitude
andanenginespeedwheretheconibustorwillnotdeliverenoughtem-
peraturerisetooperatetheengineat constantspeed.Thiscondition
isdefinedas thealtitudeoperationallimit.Suchatemperature-rise
limitisusuallyencounteredbeforeblow-outoccurs.

Itwasshowninfigure27thatgasolinereachesa temperature-rise
limitofabout1200°F undertheconditionsspecifi6d,whereasdies61
oildoesnotreachsucha limit.A comparisonofthealtitudeopera-
tionallimitsofthesefuelsovera rangeofenginespeedswithan
annularconibustorispresentedinfigure28.“Atlowenginespeedsthe .—
gasolinegavethehi@er altitudeoperationallimit,apparentlybecause “-
thediesel.oilisnotsufficientlyvaporizedto givecorrectfuel-air~
mixturesattowfuelflows,correspondingtothe10.wenginespeeds.
However,athigherenginespeedsthedieseloilgivesthehigheralti-
tudeoperationallimits,becausethegasolineapparentlyvaporizestoo
readilyandcreatesrichmixturesnearthefuelnozzlesthataretoo
richtoburn. Afterthemixtureis sweptdownstreaminthecombustion
chamberwherethereissufficientairtoprovidea couibustible”mixture,
thereisinsufficienttimeforgoodcombustion.

Thetheory‘thatrichmixturescausethealtitudeoperationallimits
aresubstantiatedby thedatainfigure29. Altitudeoperationallimits
arepresentedforgasolineinjectedintothecombustionchamberwith

--

3.0-and10.5-gallon-per-hournozzles.Exceptatverylowenginespeeds
thehigheraltitudeoperationallimitswereobtainedwiththe
10.5-gallon-per-hournozzles.Theseresultssuggestag=intheidea
thatthe3.O-gallon-per-hournozzlesproducedanoverlyrichzonenear

—

thefuelnozzles. . -—
r

coNF#gf@j
.



HACARME50118 I-5

.
Theeffectof themolecularstructureoffuelsonaltitudeopera-

tionallimitsigshowninfigure30. Dataareshownforbenzeneanda
mixtureof isoheptanes.Thetwomaterialsboilinthesamerangebut
thebenzenehasa fasterflamespeedthantheisoheptanes.It issug-
gestedthatnearthealtitudelimitbothfuelsformoverlyrichmix-
turesnearthefuelnozzle.Whena pointisreachedpartwaythrough
thecombustor,wherethefuel-airmixturebecomessatisfactoryfor
combustion,thebenzeneburnsmorerapidlythantheisoheptanesand
givesa higherheatreleasebeforebeingsweptoutofthecombustion
chamber.Thisfactcouldaccountforthehigheraltitudeoperational
limitobtainedwithbenzeneat thehighspeeds.

Theeffectsoffuelvolatilityonaltitudeoperationallimits
havealsobeenobservedintubularcombustors(reference18). The
altitudeoperationallimitsof a gasolineanda kerosene-typefuelare
comparedinfigure31. Theresultsareconsistentwiththedatafrom
theannularcombustorinthatkerosenegavea higheraltitudeopera-
tionallimitthanthegasoline.

Thetrendwasalsoshownfora tubularcombustorinfi~re 16,
wherecombustionefficienciesofAN-F-32werecomparedwithefficien-
ciesforthreeAN-F-58fuels,whichweremorevolatilethanAN-F-32.
At 60-percentratedenginespeedtheAN-F-32wastheonlyfuelthat
wouldburnup to60,000feet.At 90-percentratedspeedtheAN-F-32
burnedmoreefficientlyat 60,000feetthantheotherfuels.

A summaryof theinformationonaltitudeoperationallimitsindi-
catesthatthelimitsarecausedby theformationoffuelrichzones
nearthefuelnozzles.Thehighestlimitswillbe obtainedby proper
matchingofthecombustordesign,thefuelinjectionsystem,andthe
fuelvolatility.Theresultsindicatethatthealtitudeoperational
limitsofpresentengineswouldnotbe loweredby reducingthefuel
volatilityfromanAN-F-58typetoanAN-F-32type.

AltitudeStarting

Anothergas-turbineengineproblemthatmustbe consideredirithe
selectionofa fuelisstarting.Itisnecessarytobe ableto start
gas-turbineenginesathighaltitudesaftertheengineshavebeen
inoperativeforseveralhours.In thiscasetheengineparts,the
fuel,andtheairarecold.A secondrequirementistheabilityto
re-startafteran accidentalengineblow-out.A thirdrequirement
istobe abletostartat sealevelunderallclimaticconditions,
includingextremelycoldweather.

.
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Thestartingofa full-scaleengineinvolvesthreeseparateopera-,
tions:(1)ignitionintheregionofthesparkplugs,(2)propagation
oftheflametoallcombustors,ortothecompleteannulusofanannu-
larcombustor,and(3)accelerationoftheenginefromstartingspeed
tooperatingspeed.Eachoneoftheseparatestepsmaylimitthe
altitudeatwhicha completestartcanbe accomplished.Thisfactis
illustratedinfigure32. AltitudeisplottedagainstMachnumberand
thethreelinesdefinelimltimgaltitudesforignition,flamepropa-
gation,andacceleration.Intheoriginalengine,ignitioncouldbe
obtainedup to50,000feetata Machnuuiberof0.25butfellrapidly
astheMachnumberwasincreased,as indicatedby thesolidline.The
ignitionlimitwasimprovedby theuseofextendedsparkelectrodesto
a valueof45,000feetata Machnumberof0.6,and35,000feetata
Machnumberof0.8!5.Thenthepropagationlimitsweredeterminedand
finallytheaccelerationlimitwasdetermined.Thefigureshowsthat
ata Machnumberof0.4ignitioncouldbe accomplishedup to
45,000feet;thatflamewouldpropagatetoallcombustorsup toan
altitudeofabout40,000feet,buttheenginecouldnotbe accelerated
atanaltitudeabove27,500feet.Therefore,thestartinglimitof
theenginewas27,500feet.

Inordertoallowstartingofturbo~etenginesat thealtitudes
required,all‘threephasesoftheproblemmustbe investigated.The ‘“
ignitionproblemcanbeinvestigatedina singlecombustor,andsome
workhasbeencompletedont~s phaseoftheproblem.

Single-combustorresults.- Inordertodeterminetheeffectsof
fuelvolatilityon ignition,threefuelswereinvestigatedina J33
singlecombustor(reference19). A simpleswirl-typefuelnozzlewas
usedwiththestandardignitionenergyandsparkplug.Thefuel
systemfortheconibustorwasarrangedsothatfuelflowcouldbe
varied.Thecomparisonof thefuelswasbasedonthequantityoffuel
requiredto obtainignition.Thethreefuelsincludeda 7-poundReid
vaporpressurefueloftheAN-F-58type,a 4.5-poundReidvaporpres-
surefuelof theAN-F-58type,andanAN-F-32fuel.

Theresultsobtainedat sea-levelpressureare.showninfigure33.
Inlet-airtemperaturesareplottedagainstwe fuelflowrequiredfor
ignitionateachcondition.Thefuelandairtemperatureswerethe
sameateachtestcondition.Ignitioncouldbeobtainedatfuelflows
totherightofthelinesandno ignitionto theleftofthelines.
Theresultsshowthata 7-poundReidvaporpressurefuelrequiredless
fuelforignitionthana 4.5-poundfuelovertherangeoftemperature
investigated.The4.5-poundfuelrequiredconsiderablylessthanthe
AN-F-32fuel.At theinlettemperatureof -20°F thequantityoffuel
requiredto ignitetheAN-F-32correspondedtoa fuel-airratioof0.05.”

.

—

—

—

—

,...

.
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Thetrendsobtainedat simulatedaltitudeconditionsareshownin
. figure34. The7-poundfuelagainrequireda smallerquantityoffuel

forignitionthantheotherfuels.Thequantityoffuelrequired
increasedas thevolatilityof thefueldecreased.Therangeof&ta

G waslimitedby thelaboratoryfacilities.Pro%ablyallthefuels2 couldhavebeenignitedathigheraltitudes,iftheproperconditions
couldhavebeenobtained.Thetrendsshownat theserelativelylow
altitudesseemtobemostlytheeffectofambienttemperature.

Air-andfuel-temperatureeffectsaresmmnarizedinftgure35.
Thecriticalfuelflowtoobtainignitionisplottedagainstthe
10-percent-evaporatedtemperatureof thefuelforlinesof constant
ambienttemperature.Thisplotmightbeuseful.incomparingthefuels
investigatedwithotherfuels.Forexample,thel-poundReidvapor
pressurefueldiscussedinthispaperhasa 10-percent-evaporated
temperatureof248°F aq shownintable1. At -200F underthecon-
ditionsofthisinvestigationa l-poundfuelwouldrequire90pounds
perhourforignitionas comparedto40poundsperhourforthe
7-poundfueland140poundsperhourforAN-F-32.

.I’ull-scale-engineresults.- Theeffectof fuelvolatilityon
enginestartingisshowninfigure36. Thedatawereobtainedon two
full-scaleengines,onewith.tubularcombustorsandtheotherwithan
annularcombustor(references6 and9,respectively).Altitudeis
plottedagainstflightMachnumber.Theresultsontheleftsideof
thefigureshowthattheenginewithtubularcombustorscouldbe

. startedwithAN-F-58fuelatallaltitudesbelowthesolidline.The
enginecouldbe startedwithAN-F-32atallaltitudesbelowthedotted
line.Inthiscasethestartinglimitwasincreased15,000feetby use
ofAN-F-58fuel.

Theenginewiththeannularcombustordesignedforgasolinegave
thehigherstartinglimitwithgasolineasa“fuel.Intheregionof
lowMachnumberstheAN-F-58fuelgavea startinglimitabout
10,000feetlowerthangasoline.At higherMachnumbersthegasoline “
wouldallowstartsbetween20,000and25,000feet,whereasthe
AN-F-58couldnotbe startedinthisregion.

A furtherindicationof theeffectsoffuelvolatilityonengine
startingareshowninfigure37 (reference20). Resultsarecompared
foranenginewitha centrifugalcompressorandanaxial-flowcompressor.
Bethengineshadtubuhrco?ibustors.Thecurvesontheleftsideof
thefigurearerepeatedfromfigure36forpurposesofcomparison.The
curvesontherightsideofthefigureshowstartinglimitsobtained
withAN-F-58andwitha l-poundfuel(table1). At highMachnumbers
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thedifferenceswerenotlarge,butat0.40MachnumbertheAN-F-58fuel
wouldallowignitionabout8500feethigherthanthel-poundfuel.At a .
Machnumberof0.25theAN-F-58couldbeignitedtoanaltitudeof
3s,000feet,whereasno ignitionwasobtainedforthel-poundfuelat “. ~ ;
thiscondition. ++d.

Theresultsoftheseinvestigationsshowthat,intheengines
investigated,volatilefuelscanbe ignitedathigheraltitudesthan
lessvolatilefuels.

.-

Inadditiontotheeffectsoffuelvolatility,itisnecessaryto
knowtheeffectsof spark-pluglocation,sparkenergy,andfuelspray.

Theresultsobtainedbyextendingthesparkelectrodesintothe
combustorareshowninfigure38. Inthisinvestigationthespark
plugsofa J35enginewerereplacedby sparkplugswithextendedelec-.
t.rodes.Theresultsareplottedasthealtitudelimitforsuccessful
ignitionagainstthedistancethesparkgapprojectsintotheconibustion
chamber.At a Machnumberof0.85theignitionlimitswereraisedfrom
10,000feetto35,000feetby extendingtheelectrodesfrom1 inchto .-.
l; inchesintothecombustionchamber.Furtherextensiontothecenter
lineofthecombustorgaveno furtherimprovementinignitionlimits.
At a Machnumberof0.60thealtitudeignitionlimitswereraisedfrom .
20,000feetto45,000feetby extendingtheelectrodestothecenter

—

lineofthecombustor.At a Machnumberof 0.40ignitioncouldbe
.—

obtainedat45,000,feetwiththeoriginalsparkplug.Extensionof
--. .—

theelectrodestol; inchesraisedthelimitto50,000feet.

Thesedataindicatethatmarkedimprovementscanbeobtainedby
properlocationof thesparkelectrodes.Itmaybe possibletoignite.
lessvolatilefuelssuccessfullybytheproperlocationof sparkelec-
trodes,optimumfuelspray,andoptimumair-flowpatterns.Thistype
ofresearchisunderwayatthepresenttime.

CarbonEeposits

Thecarbon-formingtendenciesoffuelswillprobablyhavean
influenceontheultimateselectionofa turbojetfuel.

—
Theamount

of carbondepositedina combustionchamberdependsuponthecombustor
design,theconditionsofoperation,theburningtime,andthefuel
properties.Theinfluenceoffuelvolatilityandmolecularstructure
isillustratedinfigure39,withtheothervariablesheldconstant. .

mm ..-.
:*aL:.”. -.A..&. ...—. --.=.-.
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Itisshownthatcommercialisoheptanes,a paraffinicfuelwitha vol-
umetricaverageboilingtemperatureof182°F, gave,only1 gramof
carbonwhenoperatedinanannularcombustorfor2 hours.Benzene,an
aromaticfuelwitha volumetricaverageboilingtemperatureof172°F,

P+ gave30 gramsof carbonwhenoperatedforthesamelengthof time.
N Ethylbenzene,whichisanaromaticfuelboilingat 271°F, gavean evenP highercarbondepositionthanbenzene.Thesearetypicalresults

obtainedfromtheexaminationof a largenumberoffuelsinbothannu-
larandtubularconibustors.It,isindicatedthataromaticfuelsform
morecarbonthanparaffinicfuelsandthatincreasingtheboilingtem-
peratureofthefueltendsto increasetheamountof carbondeposited.
Theisoheptaneshavea hydrogen-carbonratioof0.19andthebenzene
hasa hydrogen-carbon’ratioof0.08.Theotheraromaticshavea
slightlyhigherratio,soitmaybe observedthathydrogen-carbon
ratioisonemethodofexpressingthearomaticityofa fuel.Thusit
maybe statedthatfuelswitha lowhydrogen-carbonratiowilltend
toformmorecarbonthanfuelsinthesameboilingrangethathavea
highhydrogen-carbonratio.Also,high-boiling-temperaturefuels
tendtoproducemorecarbonthanlow-boiling-temperaturefuelsofthe
samehydrogen-carbonratio.

Theresultsof carbon-depositiontestsmaybe generalizedforboth
purehydrocarbonsandcomplexmixedfuelsby correlatingthecarbon
formingtendencywithhydrogen-carbonratioandvolumetricaverage
boilingtemperatureofthefuel.A plotof thisrelationobtainedin
an annularcombustorisshowninfigure40. Ifoneselectsthevol-

. umetricaverageboilingtemperatureof thefuelandproceedsverti-
callytotheproperhydrogen-carbonratiolineandthenproceeds
horizontallytoplottheamountof carbonformedwitheachfuel,the
dataforma straightlinefora seriesoffuels.Thedatashownin
figure40wereobtainedby operatingeachfuelina combustorfor
2 hoursat a simulatedengineconditionof sealeveland50-percent
ratedenginespeed(reference21). Afterthecorrelationlineis
establishedfora givenoperatingcondition,thechartcanbe usedto
predicttheamountof carbonthatwillbe formedunderthesamecon-
ditionsof operationforwhichthecorrelationwasestablished.An
exampleof itsusewouldbe topredicttheamountof carbondeposit
tobe expectedfroma fuelwitha volumetricaverageboilingpoint
of300°F anda hydrogen-carbonratioof0.12.Findthepoint300°F
on theboilingtemperaturescaleandthenproceedverticallytothe
0.12hydrogen-carbonratiolineandthenproceedhorizontallytothe
co&elationline.Fromthereproceeddownto thecarbonscale,and
thecorrelationpredictsthat25 gramsof carbonwillbe formedfrom
thefuelinquestionundertheconditionsspecifiedinthefigure.
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A comparisonofthe
withAN-F-32isshownin
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carbonformingtendenciesof JP-3typefuels
figure41. Thedatawereobtainedina single

—
.

tubularcouibustorata simulatedaltitudeof 20)000feetand90-percent
normalratedenginespeed.Thedataareplotteda~ carbondeposited
againstoperatingtime.TwooftheJP-3typefuelsgavelesscarbon
thantheAN-F-32.ThethirdJP-3fuelgavemorecarbonthanthe
AN-F-32. Thisthirdfuelwasmadeby addinghigh-boilingaromatics
totheJP-3“A”withanavertigeboilingpointof312°F and19-percent
aromatics(reference22). The29-percentaromaticsexceedtheallow-
ablearomaticsinthepresentMIL-F-5624specification.

Thedataoffigure41 arecorrelatedwithvolumetricaverageboil-
ingtemperatureandhydrogen-carbonratioinfigure’42..Inthisfi~e
thegridofhydrogen-carbonlinesandboiling~emperaturesareplotted
as K, forwhichtheequationis

K= (t+ 600)(0.7)
w

where t isthevolumetricaverageboilingtemperatureand H/C is
thehydrogen-carbonweightratio.Thefigureshowsdataforthe
AN-F-32fuelandthethreeJP-3fuels.Separatecorrelationsareshown
fora simulatedaltitudeof”20,000feet,90-percentratedspeedfor
combustoroperationof2,4, 6,and10hours.A plotisalsoshown
for6-houroperationata simulatedeltitudeof35,000feetand
90-percentratedspeed.Itisof interesttonotethatlesscarbon
wasformedat35,000feetthm at20,003feet.Thistrendwillalso
be shownina subsequentfigure.

It ispossibletopredicttherelativeamountof carbonthatthe
l-poundfueldescribedintableI wouldgiverelativetotheJF-3and
theAN-F-32fueldescribedinthesametable.Thefueldesignatedas
JP-3intableI isdesignatedJP-3-Ainfigure42.

.
Thevolumetricaverageboilingtemperatureisobtainedbyaverag-

ingthevaluesforthe10-,30-,50-,70-,and90-percentevaporated
temperatures.Thevolumetricaverageboilingtemperatureforthe
I-poundfuelis’359°F. Thehydrogen-carbonratiois0.155.Thecal-
culatedK valueis336andthecarbondepositsmaybe predicted
fromfigure42.

At a runtimeof2 hoursatthesimulatedaltitudeof20,000feet,
the”JP-3-Agave3.1gramsofcarbon,theAN-F-32gave6.5grams,and
thepredictedvalueforthel-poundfuelis5.7grams.At a runof
10hourstheJP-3-Agave14.9gramsof carbonandtheAN-F-32gave
24.4grams.Thepredictedvalueforthel-poundfuelis23.5grams.

l-l
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Thesedataillustratethefactthata low-volatilityfuelsuchas
a-l-poundReidvaporpressurefuel.derivedfromanAN-F-58stockwill

‘w givemorecarbondepositthantheoriginalAN-F-58.
*
P Thetrendsof carbondepositionwithincreasingaltitudewasmen-

tionedinthediscussionoffigure42. Thetrendisfurtherillus-
tratedinfigure43 (reference21). Thedataareplottedas carbon
depositedataltitudesof20,000,30,000,and40,000feetinanannular

cordmstoroperated1}hoursat 100-percentratedspeed.Thefuels
investigatedwerearomaticsolvent,benzene,andAN-F-32.Therewasa
markeddecreaseincarbondepositsas altitudewasincreased,which
cannotbe explainedentirelyon thebasisofreducedfuelflow. It
maybe dueto (1)theangleoffuelspraychangingandimpingingless
fuelonthecombustorwalls,(2)reducedairtemperature,(3)changed
inlet-airvelocity,or (4)a changeinthecombustionprocessat low
pressures.

Thereducedcarbondepositsinthe@bularcombustorasaltitude
isincreasedcanbeexplainedon thebasisofreducedfuelflow.The
gramsof carbondepositedperpoundoffuelb~ned remainedsubstan-
tiallythesameoverthelimitedrangeinvestigatedinreference22.

Thetrendinenginedesigntowardhigherpressureratios”and.
highermassflowswilltendto increasecarbondepositsincouibustors
ofpresentdesign.Thistrend,plusthepotentiallyhighercarbon-

. fo-rmingfuelsbeingconsideredforfutureuse,indicatestheneedfor
furtherresearchon suitablemethodsof eliminatingcarbondeposits.

FuelPumping

Theeffectoffuelvolatilityon theperformanceoffuelpumps
hasbeenstudiedextensivelyundersponsorshipof theCoordinating
ResearchCouncil.An exampleof theperformanceofan aircraftfuel
P- with~0 JetfuelsiS showninffwre 44. Thedatawereobtained
by puttingthefuelsystemintoa tankthatcouldbe evacuatedand “
measuringthefuelflowdeliveredby thepumpundervariousoperating
conditions.ThedatashowncomparethefuelflowsofAN-F-32with
flowsofAN-F-58.Theinitialfueltemperaturewas110°F ineach
caseandthesimulatedrateof climbwas5000feetperminute.The
quantityofAN-F-58fueldeliveredby thepumpwasmuchlowerthan
thequantityofAN-F-32delivered.Ifvolatilefuelsaretobe used
infutureengines,fueltanksmustbe pressurizedorhigh-capacity
boosterpumpsmustbe usedto deliverfuelto theprimaryfuelpump.

.
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PhysicalandChemicalProperties .
.

Thephysicalandchemicalpropertiesof-anaircraftfuelhavean
importantbearingonthereliabilityoftheaircraftengineandfuel

+Cu
system.Thevolatilitycharacteristicshavebeendiscussedthroughout *d
thisreport,sowillnotbe consideredinthissection.

Freezingpoint.- An importantphysicalcharacteristicofa fuel
isthefreezingpoint.It isobviousthatanaircraftfuelmustnot
freezeat temperaturesencounteredathighaltitudes.Inaddition,
thedrumstorageoffuelunderArcticwinterconditionswouldimpose
conditionsjustas severeas thosenormallyencounteredinflight.
A maximumfreezingpointof -76°I’hasbeenestablishedwiththese
requirementsinmind.TheBritishwith”lesssevereclimaticconditions
specifya mintmumfreezingpointof -40°F. .-

Investigationshaveshown(reference23)thatambienttemperature
atanaltitudeof55,000feetmaybe aslowas -137°F. A recent
memorandumfromtheNavyIkipartment,BureauofAeronautics,proposed
a standardcold-daytemperatureof -130°F atan altitudeof
55,000feet. Calculatedfromthisstandard,anairplanecruisingat
150milesperhourat55,000feetwouldhavea skintemperatureof ._
-1030 F. Thememorandumsuggeststhatpower=plantequipmentshouldbe
designedto operateat -1030F. At sucha flightcondition,fuelin

.
.

integraltanksmightbe cooledtotemperaturesbelowthepresently
—

specifiedmaximumfreeztngpoint. ... _

Thefreezingpointofthefuelspecificationdefinitelylimitsthe
quantityoffuelthatcanbemadeavailableforturbineengines.In
reference24 itisshownthatanAN-F-32fuelcouldbe madeavailable
inrelativelylargequantityifa freezingpointof -40°F werespec-
ified.It isstatedthata low-volatilityfuel,witha 100°F flash
point,thatwouldmeeta freezingpointof -76°F wouldbeavailable
in13percentofthecrudeoilprocessed.Ifthefreezingpointwere
raisedto -50°F thefuelcouldbemadeavailablein20percentof

.-

thecrudeoil. .

SomeexperimentalAN-F-58fuelshavenotmetthefreezingpoint
requiredby thespecification.Ifa lowervaporpressurefuelsuch
asa l-poundReidvaporpressurefuelisrequiredforoptimumair-
craftperformance,itmaybenecessarytoreducetheendpointof
thefuelinordertomeetthefreezing-poin~m-.requirement.Ifthefuel ,
specificationwererevisedtorequirea freezingpointbelow-103°F,
itwoulddrasticallyreducethepotentialsupplyof JP-3typefueland
wouldalmosteliminatethepossibilityofproducinga l-poundReid
vaporpressurefuelfromJP-3typestocks.Ifitisnecessaryto .—

.

--- ---=’=-”;-- .
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anticip~tetemperaturesintheneighborhoodof -100°F, itmaybe nec-
. essarytoheatthefuelby useofan availablesourceofheatsuchas

oilcoolers.
A

% Thissectionmaybe smmarizedbystatingthatthefreezing-point
1+ requirementlimitsthesupplyoffuelforaircraftturbineengines.

Theendpointofa l-poundReidvaporpressurefuelmighthavetobe
reducedtomeetthepresentfreezing-pointrequirement.A lower
freezingpointthannowspecifiedwoulddrasticallylimitthet~es of
fuelthatcouldmeetthespecification.

Iceformation.- A problemsomewhatakintothefreezingpointof
thefuelistheformationof iceinfuelsatlowtemperatures.

Allhydrocarbonsdissolvea smallquantityofwater.As thetem-
perate ofthefuelisdecreased,thequantityofwaterthatcahbe ‘
dissolvedinhydrocarbonsisreduced.Ifa hydrocarbonissaturated
withwateratroomtemperatureandthetenpe’katureisthenlowered,‘
waterwillseparateoutofthefuelas suspendeddroplets.At tem-
peraturesbelow32°1?thewatermayfreezeintosmallcrystalsor it
mayremainas supercooledwaterdroplets.

Aircraftfuelsareusuallysaturatedwithwaterwhentheyreach
. thefield.Whenthefuelsarecooledduringflight,thewatermayform

fineicecrystalsthatwilltendto clogfuelfiltersor thewatermay
remainsupercooleduntilitcontactsthefuelfilterandthenfreeze

. onthefilter.Thepresentremedialactionistoflushthefuelfilter
withisopropylalcoholanddissolvetheicewhenthepressuredrop
acrossthefuelfilterbecomestoogreat.

Thecompositionandvolatilityoffuelshavean influenceonthe
quantityofwaterthatwillbe dissolved.Aromaticstendto dissolve
morewaterthanparaffinsandhighboilingfuelstendto dissolvemore
waterthanlowboilingfuels.Thetrendofwatervolubilitywith
hydrogen-carbonratiooffuelsandteraperatureis showninfigure45.
Itisshownthatfuelsoflowhydrogen-carbonratiodissolvemore
waterthanfuelsofhighhydrogen-carbonratio.

It seemsthatrestrictionof thefueltypewouldprobablybean
unsatisfactorycontrolonthepossibilityof iceformation,because
itwouldmakethespecificationundulyrestrictive.Theuseof
alcoholorpossiblyheatingof thefuelfilterseemstobe a more

, satisfactorysolutionto iceformationinthefuel.

.

.
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Corrosionandrubberswell.- Otherpropertiesof thefuelthatmay
affectthereliabilityoftheairplaneincludethepossibilityof cor- .
rosivematerialsbeingpresentinthefuel,andthepossibilityoffuel
componentscausingswellinganddeterioratio_gofrubbergasketsand G~
fittings.

NaphthenicacidsmayoccurinJetfuels,andinasmuchastheseacids
arecorrosivetheymustbe removedby alkalitreatment.Mercaptans
inconcentrationsthatcannormallyoccurinAN-F-58typefuelstend
to causeswellinganddeteriorationof syntheticrubbersandto cause
somecorrosionof cadmium-platedparts.Themercaptanconcentration
of jetfuels,however,willprobablybe restrictedtoa concentration
of0.005inordertopreventobjectionableodors.In suchconcentra-
tions,mercaptanscausenoundueswellingorDeteriorationof synthetic
rubbers.Laboratorytestsarestillunderwaytodetermineifmer-
captans”in0.005-percentconcentrationwillcorrodemetalsusedin
aircraftfuelsystems.Theremovalofnaphthenicacidsandmercaptans
toa concentrationof 0.005 percentwillrequiretreatmentof jet
fuels,butwillnotdecreasethesupply.

G7xn.- Theaccelerated-gumspecificationapparentlyissuffl-
cient~iberaltoallowtheinclusionof crackedstocksnecessaryfor
maximumproduction.Informationontheeffectofgumonfuelsystems
andfuel-injectionnozzleshasnotbeenreported.Investigationsare .
underwaytodeterminethestabilityof ZF-3fuelstolong-term
storage.

has
100
300

.

Preliminaryinformationontheeffectofgumon carbondeposits
shownthatquantitiesofgumby theacceleratedmethodup to
milligramsormoreshowno effect.Quantitiesintheorderof
milligramsormorecausesmallincreasesincarbondeposits.

AIRCRAFTSAl!ETY

Fire

Thepossibilityof theocc~renceoffirei.naircraftduring
flightandaftera crashisinfluencedby thecharacteristicsofthe
fuel.Thepossibilityof ignitionisa functionof’fuelvolatility
andcomposition(reference25)andtheratethefirespreadsisa
functionofvolatility.

Therelativeignitabilityoffuelscanbe expressedintermsof
spontaneousignitiontemperatureandflashpoint.Thespontaneous

I

.
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ignitiontemperature(reference26)ofa fuelisthetemperaturea
. heatedsurfacemustattainto causeignttionofthefuelunderinvesti-

gation.Althoughthistemperaturevarieswithdifferentmethodsof
determination,a comparisonof spontaneousignitiontemperaturesdeter-

s$ rainedinthesameapparatusforseveralfuelsgivesa relativeindi-
cationof thepossibilityof ignitionof thefuelsduetohotengine
parts.A comparisonof somespontaneousignitiontemperaturesfor
fuelsof interestisshownintableII. Thespontaneousignitiontem-
peraturesareshownforan aviationgasolineandfourjetfuels.An
AN-F-32fueliscomparedwithanAN-F-58fuel,a 4-poundReidvapor
pressurefuel,anda l-poundReidvaporpressurefuel.Thelatter
twofuelswerepreparedby distillingthevolatilecomponentsfrom
theAN-F-58basestock.An analysisof threeof thefuelsisshown
intable1. Thereareonlysmalldifferencesinthespontaneous
ignitiontemperaturesoftheJP-3andlow-vapor-pressurefuels,all
ofwhicharemuchluwerthanthevalueforgasoline.Thismarked
differenceisduetothefactthattheaverageboilingtemperatureof
thegasolineislowerthanforanyof thejetfuelsandthegasoline
containsa relativelyhighconcentrationofbranchedhydrocarbons.
Volatileandbranchedhydrocarbonshiwehighspontaneousignitiontem-
peratures(reference25). Itmaybe concludedthatjetfuelsignite
onhotmetalsurfacesatlowertemperaturesthanaviationgasoline.
It isalsoindicatedthatchangingthevolatilityof jetfuelswill
notcausesignificantchangesinthespontaneousignitiontemperature.

Includedintable11aretheflashtemperaturesforthesefuels.
. Thetemperaturesindicatedrepresentthefueltemperaturesrequiredto

producea conibustiblemixtureabovethesurfaceof theliquidfuel
accordingto theA.S.T.M.procedure(reference27). Allofthefuels
exceptAN-F-32producecombustiblemixturesat temperaturesbelow
commonsea-levelambienttemperatures.TheAN-F-32,witha flash
pointof120°F, isunlikelytoformcombustiblemixturesincaseof
fuelspillageontosurfacesatlowtemperatures.

Althoughthereareno datato showtheeffectsoffuelflash
pointonaircraftfiresitseemsreasonabletobelievethata high
flash-pointfuelwouldoflersomemeritsasa jetfuel.

Inthecaseof fuel leakageduringflight,itwouldseemreason-
abletobelievethata low-volatilityfuelwouldbe lesslikelyto
producea vaporthatwouldreachan ignitionsourceandcausea fire
thanwoulda volatilefuel.

A low-volatilityfuelmightalsooffersomeadvantagesinpre-
ventingfiresinaircraftcrasheswherefuelisspilledwithoutthe.

.
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formationoffuelsprays.In sucha casea volatilefuelwouldproduce
vaporsthatmightreachan ignitionsource,whereasa low-volatility .
fuelwouldnotproducevapors.Ifa largequantityoffuelspraywere
formedina crash,thespraycouldgivea violentexplosionwitheithqr Ga volatilefuelora low-volatilityfuel. x

Flamevelocity.- Fuelvaporpressurehasan importantinfluence
ontheratea firewillspreadafterignitionhasoccurred.Therates-
of flametravelacrossvariousfuelsinanopentraywereobtainedby
theShellOilCompanyand@ summarycurveisshowninfigure46 asa
functionofvaporpressure.Suchdatamaygivesomeindicationasto
theratea firemightspreadafteranaircraftcrash.Atvaporpres-
suresof1.2poundspersquareinchto3.1poundspersquareinch,the
flamevelocitieswereaboutconstantatalmost800feetperminute.At
lowervaporpressurestheflamevelocitydecreasedlinearly.A l-pound
Reidvaporpressurefuelata temperatureof100°F wouldgivea flame
velocityofabout600feetperminute,whichseemstobe an insignifi-
cantreductionfromthe800feetperminuteobtainedwithhighervapor
pressurefuels.At lowertemperatures,however,thevaporpressure
ofthel-poundfuelwouldbe reduced.Forexample,at 70°F the
vaporpressurewouldbe about0.5poundpersquareinchas indicated
infigure47. Inthiscasetheflamevelocitywouldbe about250feet
perminute,whichmightoffera slightadvantageoverfuelsofhigher
vaporpressure.Itisindicatedinfigures46 and47that4-and
7-poundReidvaporpressurefuelswouldgiveno decreasedflamespeed
at70°F.

Reallysignificantreductionsinflamevelocityareshownfor
fuelswithvaporpressuresbelow0.2poundpersquareinch.An
AN-F-32fuelwitha negligiblevaporpressueevenat100°F would. .-
giveveryslowflamevelocities.Theremightbe typesofaircraft
crashwheresucha slowrateofflametravelwouldallowtimefor
evacuationoftheairplanewhilecabintemperatureswerestillbelow
thelimit

When

forsurvivai.

Combustible

h-ocarbonfuels
phere,conib~stiblemixtures

MixturesinFuelTanks

are storedintanksventedtotheatmos-
offuelvaporandairwillexistunder

certainconditionsoftemperatureandpressure.Theconditionsfor
couibustiblemixturesareshownforthreefuelsinfigure48 (refer-
ence28). Regionsofcombustiblemixturesexistwithintheenolosed
areas.It 1sshownthata gasolinewitha Reidvaporpressureof
7 mounds~ersauareinchwillcreatea combustiblemixtureina vented
fuk tank-ats;alevelattemperaturesrangingfrom-40°F toabout

-.

.——.

.

.



NACARM3%0118
.~

27

15°F. Itislikelythatonwinterdaysaircraftlandingwithcold
. gasolinehavecombustiblemitiuresinthefueltanks.Apparentlythe

applicationofpropertechniquesandprecautionsinfuelingairplanes
haspreventedaccidentsfromtheexistenceof couibustiblemixtures.AtPtP temperaturesbelow-40°F thereisinsufficientvaporabovethefueltoNP givea combustiblemixture,andat temperaturesabove15°F thereis
toomuchfuelvaportoforma combustiblemixture.Theregionsfor
combustiblemixturesataltitudeconditionsareshowninthefigure.
At 40,000feeta 7-poundReidvaporpressurefuelwillcreatea com-
bustiblemixtureinthefueltankwhenfueltemperaturesrangefrom
about-75°to-40°F. Combustiblemixturelimitshavenotbeen
reportedforJP-3fuel,buttheregionsof inflammabilityareprobably
atleastaswideasforaviationgasoline.

Regionsof combustiblemixturesfora l-poundReidvaporpressure
fuelandanAN-F-32fuelarealsoshownonthefigure.At sealevel
thel-poundfuelwillgivecombustiblemixturesatfueltemperatures
from35°to100°F andtheAN-F-32willgivecombustiblemixturesfrom
about90°toabout175°F.

A comparisonof therelativehazardsofthethreefuelsindicates
thatthel-poundfuelwouldtendtofern.combustiblemixturesat sea
levelmorefrequentlythantheotherfuels.Infact,a combustible
mixturewouldexistabovethel-poundfuelduringmostof theyear.

Unfortunately,therearepracticallyno dataon temperatures
. attainedby fuelsduringlongflights,soitis impossibletopredict

underwhatconditionscombustiblemixturesmightexistduringflight.
Itispossiblethatduringa prolongedflightat30,000feet,a l-pound
fuelwouldbecodedbelow0°F andthevaporspaceinthefueltank
wouldnotcontaina combustiblemixture.

The‘datashowninfigure48wereobtainedby theuseofa spark
asan ignitionsource.A higherenergysourceoran incendiarybullet
willextendthesecurvestoverylawte~eraturesandto somewhat
highertemperatures.Incendiarybulletswillextendtheinflamma-
bilitylimitsmoreat thelowtemperatures,or intheleanregion,
thanatthehightemperatures.An incendiarybulletextendsthelean
inflammabilitylimitsprobablybecauseof impact.Whena bullethits
a tank,probablya sprayiscreatedthatformsan explosivemixture.

Therefore,forconsiderationoffuelsforcombataircrafttheleft
portionsofthecurveshavenomeaning.Thus,anAN-F-32fuelwill
givean explosivemitiuretromthecombustiblezoneindicatedallthe
wayto theverylowtemperaturesof -80°and-120°F. Thel-pound

. fuelwouldgivecombustiblemixturesfromtherightsideofthearea
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forthel-poundfueltobe theverylowtemperatures.The7-poundfuel
wouldgivesimilarresults.The7-pound-fuelislesslikelytobe .
explodedby an incendiarybulletthantheotherfuelsbecauseit is
morelikelytoformmixturestoorichtoburn.Evenwiththe7-pound G
fuel,however,thereisstilla rangeoftemperatureswhereexplosions ~

infueltankscouldoccur.

Maneuvers-ofaircraftalsocreateconditionsnotconsideredinfig-
ure48. It seemslikelythatanairplanecouldbe flyingat40,000feet
witha 7-poundfuelata temperatureof.-20°1?andhavea mixturetoo
richtoexplodeinthefueltank,butduringmaneuversdroptoanalti-
tudeof20,000feetandhaveanexplosivemixtureinthetank.

—
Actually,

inanydive,airwillbe aspiratedintothe-fuel,tankandan explosive
mixtureisprobablyformedinmanycases.

It issuggested,therefore,thatonlyby providingan inertgas
overthesurfaceofthefuelwillallexplosivemixturesinfueltanks
be eliminated.If inertatmospheresareusedinfueltanks,thenthe
ultimateselectionofa Jetfuelneednotbe influencedby thepos-
sibilitiesofexplosivemixturesintamks.

LOGISTICS

FuelStorageandShipment

Theeffectsofvolatilityon thepossibilitiesofaircraftfire
andfuel-tankexplosionsalsoapplytothemanufacture,bulkstorage,
andshipmentoffuels..Thedataintable11andinfigure48 applyto
theseproblemsaswellasthosepreviouslydiscussed.Duringbulk
storageofa 7-poundReidvaporpressurefuelandshipmentby tank
car,tankers,etc.,thefuelvaporsinthetankpreventtheformation
ofan explosivemixtureatalltemperaturesabove15°F. At tempera-
turesbetween15°and-40°F explosivemixturesexist.Apparently
greatquantitiesofaviationgasolinehavebeenstoredandtransported
duringwintermonthswhenairtemperatureswerewithintheselimits
andprobablyinmanycasesfueltemperatureswerealsointhisregion.

Aspreviou~lymentioneda l-poundReidvaporpressurefuelwould
providea combustiblemixtureintanksinthetemperatureregionfrop
35°to100°F, andanAN-F-32fuelwouldgivea combustiblemixtureP
ina tankfrom95°to175°F. Becausethetemperaturerangeof35°to
100°F ismorelikelytobe encounteredthantheotherrangesdis-
cussed,thel-poundfuelmustbe consideredmorehazardousthana
7-poundorAN-F-32typefuel.Theexplosivelimitsoffuelsof inter-
mediatevolatilityareshowninreference28andinticaterelatively
smallimprovementsoverthel-poundfuel.

.

.

* .—

.
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Forcommercialoperationsofmanufactureandshipment,theexist-
* enceof combustiblemixturesintanksdoesnotseemtobe an important

hazard.Lightningstrikesaremorelikelyto causefiresintanks
l-lN containinga l-poundfuelthanintankscontaininggasoline.Aside
el-l fromlightningstrikes,no appreciabledifferenceshavebeenreported

inthenumberoffiresoccurrhgwithlow-volatilityfuelandwith
gasolinebecausestaticelectricaldischargesareminimizedbyproper
groundingof equipmentandby safeoperatingprocedures.

An exampleofan itemofcommercethathasa vaporpressurein
thehazardousrangeisethylalcohol.Ithasa Reidvaporpressure
ofabout2 poundspersquareinch,butismanufacturedandshippedin
largequantities,apparentlywithoutunduedifficulty.Theshipment
andstorageofa l-poundfuel,orfuelof intermediatevolatility,
mightpresentmoreofa probleminmilitaryoperationsthanin
commercialtrade.

Penetrationofan incendiarybulletintoa fueltankwouldcause
a firewithgasolinebutwouldprobablycauseanexplosionwitha
l-poundfuelorAN-F-32.Thiswouldapplybothto drumstorageand
tolargertapksincludingtankersandaircraftcarriers.Ships
enteringcombatareaswouldprobablyhavetoprovideinertgasin
thevaporspaceabovefuels.

.
Thefunctionofwhetherthehandlingoffuelsoflowandinter-

mediatevolatilitypresentsan importantproblemwillrequireanalysis
. by an expertinlogistics.

WeatheringLosses

FuelswithReidvaporpressuresinthe
persquareinchloseappreciablequantities
ventedcontainersandduringtransfer.,The

regionof5 to 7 pounds
ofvaporwhenstoredin
generalorderofthese

losseshasbeendeterminedby theSunOilCompanyinlaboratory
experimentsthathavebeenconductedto determinethefuellosses
thatwouldbe encounteredinventedcontainersat sea-levelpressure.
Onesampleoffuelwaspressurizedtoa Reidveperpressureof
6.5poundspersquareinchwith~-butaneandanothersamplewas
pressurizedtothesameReidvaporpressurewith~-pentane.Thefuels
wereplacedinunstopperedquartbottlesandwerealternatelyheated
andcooledbetweenabout70°and120°F inapproximatelya 24-hour
cycle.Themaximumlossesencounteredinthetestswere16percent
byvolumeofthefuelpressurizedwith~-pentaneand8 percent
with~-butane.Thelowerlossesareobtainedwith~-butanebecause. less~-butaneisrequiredtopressurizeto 6.5poundsper square
inch.
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Suchlossesrepresentthemaximumthatwouldbe encounteredduring
handlingor duringstorageinopencontainers.Lossesduringordinary
handlingandstoragearelessthanthesemaximumvalues.

● .
—

Aviationgasolinewitha maximumReidvaporpressureof7 pounds G
persquareinchwillgivelossessimilarto*hosealrea~citedunder 3
thesameconditions.Inthepast,however,weatheringlosseshave
notbeenofundueconcerntoaircraftoperators.Undoubtedlysuch

.-

lossescanbe toleratedforjetfuelifotherrequirementsdictatea
fuelof5- to7-poundspersquareinchReidvaporpressure.Other
thingsbeingequal,however,itwouldbe desirabletochoosea fuel
thatwouldgiveminimumweatheringlosses. ..

CONCLUDINGREMARKS

Theselectionofan optimumfuelforgas-turbinepoweredaircraft
involvestheconsiderationofmanyvariables.A nuuiberof thevari-
ablesarebrieflyconsideredinthisreport.anda fewappeartobe of
paramountimportance.

Oneimportantproblematthepresenttimeisthematteroffuel
lossby high-performanceairoraftduringclfibtohighaltitudes. —

—

A remedialmeasuresuchasfuelcoolingonthegroundwould
.

requirea largeamountofequipmentandwouldcomplicatetheservicing
ofaircraft. ‘ .—

Fuel-tankpressurizationtopreventallfuellossesmightcom-
promisetheperformanceof sometypesofaircraft.Tankpressuriza-
tionto2 poundspersquareinch,however,tendstominimizefuel
lossesandprobablywouldnotrequireadditionalstructuralweight.
Suchtankpressurizationmightbe a reasonablecompromiseifa vol-
stilefuelwerenecessaryinordertoprovidethequantitiesoffuel
requiredforaircraftgas-turbineengines. —

Themostapparentsolutiontothefuel-lossproblemistheuseof
a low-volatilityfuel,preferablywitha Reidvaporpressureof
1 poundpersquareinchorless. Inthelightofpresentknowledge,

—

theuseofa low-volatilityfuelingas-turbineenginesshouldpresent
no difficultyinsofarasfuelconsumptionandaltitudeoperational
limitsareconcerned.

Inpresentengines,however,low-volatilityfuelsareless
effectivethanvolatilefuelsforstartingathighaltitudes,orat
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lowtemperaturesat sealevel.Theenginestartingproblemisunder
. investigationbya numberoforganizations.Theeffortontheproblem

indicatessomehopefora solutioninthenearfuture.
A. .
(N
-5l-l Lessvolatilefuelswilltendtoformsomewhatlargercarbon

depositsthanvolatilefuels..Thisshouldnotbe a difficultywith
mosttypesoffuelandprobablycanbe eliminatedby suitablecombustor
design.

Inordertoinsuremaximumsafetyforcombataircraft,fuel-tank
inertingshouldbe providedforusewithanyfuel.

Thequantityoffuelrequiredforturbojetshasnotbeenstated.
Therefore,itisnotpossibletoaccuratelyestimatethepossibility
ofmeetingtherequiredfuelquantitiesforturbinepoweredaircraft
witha low-vapor-pressurefuel.

LewisFlightPropulsionLaboratory,
NationalAdvisoryCommitteeforAeronautics,

Cleveland,Ohio.

.
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1950,p. 20.
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Designation:D 56-36.1939BookofA.S.T.M.Standards,Pt.II,
NonmetallicMaterials,pp.742-745..

Anon.:CRCHandbook,Coordinatiu.Res.CO~Cilylnc.Y1946>
p. 263.
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TABLE I - SPECIFICATIONS AND ANALYSIS OF FUELS

SPECIFICATIONS ANALYSIS
AN-F-58A AN-F-32A AN-F- 50 l-LB R.V.P. AN-F-32 -

MIL-F-5624 MIL-F-5616 (W-3) (JP-1)
.A.S.T.M.DISTILLATION

D86-46. “F
IB.I? 110 200 336
% EVAPORATED

5 135 226 350
IQ 410(MAX.) 157 248 356
20 192 272 36Q
30 230 300 365
40 272 329 370
50 314 356 375
60 351 386 380
70 388 412 387
80 427 445 394
90 400 (MIN.) 490( MAX.) 473 481 405

EB.l? 572 (MAX,) 600 (MAX) 560 564
RESID1.lE.% L5(MAX) L5(MAx.1 Lo 1.4 100
mss, % 1.5(MAi) 1.5(MAX.) 1.0 0 1.0
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TABLE I - SPECIFICATIONS AND ANALYSIS OF FUELS - Concluded “
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TABLE 13- INFLAMMABILITY CHARACTERISTICS OF FUELS

FUEL FLASH POINT SPONTANEOUS IGNITION
(°F) TEMPERATURE, ‘F

AN-F-48 -20 845
(GASOLINE)
AN- F-32 120 480

(JP-1)
AN- F-58 -17 493
(5.4- R.V.P.)
4-LB R.V.P. -5 493

l-LB R.V.P. 40 484

=9=-

. , .
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I. FUEL AVAILABILITY

lZ. AIRCRAFT RANGE
A. Heat Energy of
B. Vapor and Surg

(1) Fuel tank
(2) Fuel cool

Fuel
ng Losses

pressurization
ng

c. Aerodynamic Heating
D. Combustion Efficiency

(1) Fuel injection

AIRCRAFT RELIABILITYm.
A. Altitude Operational Limits
B. Altitude Starting

(1) Single combustor
(2) Full-scale engine

c. Carbon Deposits
D. Fuel Pumping
E. Physical and Chemical Properties

(1) Freezing point
(2) Ice formation
(3) Corrosion and rubber swell
(4) Gum

IX. AIRCRAFT SAFETY
A. Fire

(I) Flame velocity
B. Combustible Mixtures in Fuel Tanks

K LCGISTICS
A. Fuel Storage and Shipment
B. Weathering Losses

Figure 1. - Factors in selection of turbine fuels.
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Figure 5. - Effect of altitude on fuel loss.
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Figure 9. - Effect of tank pressurization on fuel vapor
loss for AN-F-58 type fuel with Rei d vapor pressure
of 7 pounds per square inch. Initial temperature,
I 10° F; rate of cl imb, 3000 feet ~er minute.
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Figure 25. - Temperature rise with
gasol inc. Annul ar combustor;
inl et pressure, 9.2 pounds per T

square inch; inlet temperature,
240° F: inlet velocity, 200 feet
per second.
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